-Management of the root-knot nematode Meloidogyne incognita on tomato with different combinations of nematicides and a resistant rootstock: preliminary data.
INTRODUCTION
Root-knot nematodes (Meloidogyne spp.) are among the most damaging agricultural pests attacking a wide range of crops (SAHEBANI & HADAVI, 2008; D'ERRICO et al., 2014) . Yield losses of 20.6% have been reported in tomato (RAVICHANDRA, 2014) , although, this value could be underestimated because of the known negative synergistic interaction between fungi and nematodes (MANZANILLA & STARR, 2009; RAGOZZINO & D'ERRICO, 2011) . Damages caused to tomato, mainly by Meloidogyne incognita (Kofoid & White) Chitw., are particularly severe in southern Italy (D'ERRICO et al., 2016) . Therefore, the application of fumigant and non-fumigant nematicides is instrumental for satisfactory productions (NYCZEPIR & THOMAS, 2009 ). The withdrawal from market or restrictions in the use of several soil fumigants such as methyl bromide,chloropicrin, and 1,3-dichloropropene (1,3-D), able to reduce the soil population densities of the nematode to levels that could be tolerated by the following two crop cycles, have prompted researches on integrated control strategies suitable to the crop and the environmental sustainability (NYCZEPIR & THOMAS, 2009) .
Among the various measurements for controlling rootknot nematodes on tomato, plant resistance is considered an effective, economic and environment friendly method. The Mi-1 gene, identified in Solanum peruvianum L. and introgressed in many tomato cultivars, confers high level of resistance to M. incognita, M. javanica and M. arenaria (JACQUET et al., 2005) , which are the most common species occurring all over the world, including southern Italy were they are often present as mixed populations. The same Mi-1 gene governs the root-knot nematode resistance in several rootstocks used for grafting tomato. Unfortunately, both resistant cultivars and rootstocks may select for virulent populations of the nematode if used routinely (JARQUIN-BARBERENA et al., 1991; KALOSHIAN et al., 1996; VERDEJO-LUCAS et al., 2009) . However, new resistant rootstocks derived from crosses between different wild Solanum species are being tested (CORTADA et al., 2008; . The degree of resistance of the new rootstocks varies from high to intermediate, but some of them confer resistance also to virulent populations of these nematodes (WILLIAMSON & ROBERTS, 2009) . To preserve the durability of the resistance and prevent the selection of virulent populations of these nematodes, resistant cultivars and rootstocks are suggested to be used within an Integrated Pest Management (IPM) context .
Therefore, the objective of this investigation was to evaluate the potential of an IPM strategy for the control of rootknot nematodes in tomato in greenhouse. To achieve this goal, combinations of a resistant tomato rootstock and soil applications of the nematicides fosthiazate, oxamyl, and abamectin were tested.
MATERIALS AND METHODS

PLANT AND CHEMICALS
Tomato plants, Solanum lycopersicum L., cv. Ikram susceptible to Meloidogyne spp., grafted or non-grafted onto the resistant tomato rootstock cv. Armstrong were planted. Both cultivars were supplied by Syngenta. The nematicides tested were Fosthiazate 150 g L -1 (Nemathorin 150 EC, Syngenta), Oxamyl 100 g L -1 (Vydate 10L, DuPont) and Abamectin 20 g L -1 (Tervigo SC 1, Syngenta).
FIELD SITE
The tomato trial was conducted in two contiguous commercial unheated plastic-houses, each of 630 m 2 (10 × 63 m), in the Nocera-Sarno area, southern Italy. The trial was established during summer of 2013. The plastic-houses had been under conventional tomato production for 30 years before the start of the experiment. The soil at the experimental site was sandy-loamy, with soil pH of 7.8, and uniformly and severely infested with M. incognita, as it was shown by the severe root galling and damage to lettuce cropped just before arranging the experiment. The mean temperatures in a nearby greenhouse in June, July, August and September were 26.5±3.0 (SD), 29.7±1.8, 30.8±1.6 and 26.4±4.1, respectively (Fig. 1) .
CHEMICAL TREATMENTS
The nematicide treatments were: (a) fosthiazate, applied three days before transplanting by furrow at the dose of 10 L ha -1 ; (b) fosthiazate, applied as above three days before transplanting at the dose of 10 L ha-1 followed by two applications of abamectin, each at 5 L ha -1 , 24 and 35 days after transplanting; (c) fosthiazate applied three days before transplanting as above at the dose of 10 L ha -1 followed by two applications of oxamyl, each at 10 L ha -1 , 24 and 35 days after transplant; (d) four applications of abamectin, each at the dose of 5 L ha -1 , every 10 days from transplanting; (e) four applications of oxamyl, each at the dose of 5 L ha -1 , every 10 days from transplanting; (f) untreated control.
LAYOUT OF THE EXPERIMENT
The greenhouses were divided in plots of 25m 2 (10 m × 2.5 m) each and the treatments were arranged according to a randomized block design with four replicates, two in each greenhouse. An individual plot consisted of 2 rows of plants in the centre of each plot; one row planted with the susceptible cv. Ikram and the other with cv. Ikram grafted onto the resistant rootstock cv. Armstrong. There were 21 nongrafted or 21grafted plants per individual row, spaced 50 cm along the row and 1 m between rows.
The application of the nematicides was made via drip irrigation by distributing 15.000 L water ha -1 . Besides the normal irrigation system, two sections of drip-line, as long as the plot row, were joined and transferred from time to time in the plot to be treated. The drip-line supplied with self-compensating drippers of a flow rate of 2 L/hour, had the hind-end closed by a cap and the fore-end connected to a pump (shoulder "ECHO") to distribute the solutions into the soil at the pressure of 2 atm. The untreated plots were irrigated by the same volume of water of the treated plots.
Six-week-old tomato seedlings were transplanted in each plot on June 22, 2013. Plants were staked and tied as needed during the season. Ordinary irrigation and fertilization were provided according to requirements of the crops. Insecticides, herbicides and fungicides were applied as recommended (MAYNARD et al., 2003) .
DATA COLLECTION
Soil samples were collected three days before transplanting (immediately after ploughing) and again 30 and 83 (end of the crop cycle) days after transplanting, and M. incognita second-stage juveniles (J2s) were extracted and counted. Ten soil core samples were taken from each plot, giving a total of about 0.35 kg soil per plot. The soil cores were collected uniformly on the plots before planting and along the row after transplanting. Each soil sample was thoroughly mixed and a 100 cm 3 sub-sample processed combining the Cobb's sieving and decanting method with a modified Baermann's funnel technique and the nematodes in the soil suspension counted under a stereomicroscope.
Root-knot nematode infestation was evaluated 30 and 83 days after transplanting on the base of the Root Galling Index (RGI) according to a 0-5 scale (LAMBERTI, 1971) , were 0 = no galls -healthy plant, 1 = 1-5 galls per plantvery slight damage, 2 = 6-20 galls -moderate damage, 3 = more than 20 galls -medium damage, 4 = root system reduced and showing some large galls, 5 = root system completely destroyed or showing many large galls. Ten plants per plot (5 from the non-grafted and 5 from the grafted row) were uprooted at each evaluation date.
Plant vigour ratings of 10 plants per plot (5 per row) were estimated according to the weight (kg) of the whole plant fresh matter at 83 days after transplanting. Tomatoes of 10 plants per plot (5 per row) were harvested as they matured and total yields calculated by summing the weights of the six consecutive harvests (August 14, 21, 28 and September 3, 9, 13).
STATISTIC ANALYSIS
All data were submitted to analysis of variance (one way-ANOVA) and, when the F-test was significant at P< 0.05, treatment means were compared using the StudentNewman-Keuls test (Costat program). Factorial ANOVA was performed to test the effect of main factors (nematicide treatments, rootstock), and their interaction. If a main effect was significant, the ANOVA was followed by StudentNewman-Keuls test at P< 0.05.
RESULTS
At the beginning of the trial, the nematode soil infestation level (Table 1) was homogeneous among the different plots: 156.2±0.20 (SE) nematodes per 100 cm 3 of soil. After transplanting, the nematode population in soil decreased 30 days after transplanting, probably because of penetration of the nematode juveniles into the roots, but greatly increased 83 days after transplanting, because of the nematode reproduction, with significant differences among the treatments (Table 1) Thirty days after transplanting (Table 1) , the nematode population increased slightly on non-grafted tomatoes and remained at the same level on grafted tomatoes, probably because only a small proportion of the nematodes were already laying eggs of the first generation on grafted tomatoes. Also, there were no significant differences in soil population densities of the nematodes among plots treated and planted with grafted tomatoes or treated and planted with non-grafted tomatoes. However, the nematode soil population densities were significantly smaller along the row in the plots planted with grafted plants.
Instead, the nematode soil population densities greatly increased 83 days after transplanting (Table 1) in plots transplanted with both grafted and non-grafted tomatoes, when the nematode had probably completed about two generations (Table 1) . At this date, compared with the control, in the non-grafted tomato rows the least nematode soil populations occurred in plots receiving combined treatments of fosthiazate and avermectin or oxamyl, while fostiazate and oxamyl alone gave intermediate results. Abamectin alone did not significantly reduce soil nematode density. In rows planted with grafted tomatoes, only the combined treatments of fosthiazate with abamectin or oxamyl reduced significantly the nematode soil population level and no differences occurred in plots planted with grafted or nongrafted tomatoes (Table 1) .
On non-grafted plants, root gall indices (Table 2) were low 30 days after transplanting and significantly higher in the control plots (1.5) compared to all nematicide treated plots (0.2-0.7) ( Table 2 ). The RGI was largest (P<0.05) in the control plots (4.7) 83 days after transplanting, and least in those treated with fosthiazate alone (2.9) or combined with abamectin (2.7). Fosthiazate alone and combined with abamectin and oxamyl were the most effective treatments in reducing RGI on grafted tomatoes. From pairwise comparisons between non-grafted susceptible plants and grafted onto the resistant rootstock, for each treatment, significant differences were found only for J2s in soil and root galling index 30 days after transplanting (Tables 1 and 2 ) as the grafted plants were effective in controlling M. incognita infestation.
Only treatments of fosthiazate, alone or combined with abamectin or oxamyl, increased significantly the fresh weight of non-grafted plants, while these treatments and oxamyl increased the fresh weight of grafted plants. All nematicides greatly increased cumulated tomato yield of non-grafted and grafted plants compared to the untreated plots ( Table 3 ). The greatest yield increases of 251-261% were obtained in plots treated with fosthiazate in combination with abamectin or oxamyl and planted with non-grafted or grafted tomatoes. The other treatments gave intermediate yield increases. The averages of plant weight and yield did not significantly differ between non-grafted and grafted tomato plants (Table 3) .
The factorial ANOVA showed that treatment, rootstock resistant to the nematodes and their interactions had a significant effect on root galling index but only 30 days after transplanting (Table 4) . Root galling indices were lower on nematicide treated than untreated plants and on the resistant rootstock than on susceptible plants. Moreover, the resistant rootstock resulted in a significant suppressing effect on nematode J2s in the soil, while the nematicide treatments had no significant difference effect (Tables 1 and 2 ). In contrast, 83 days after transplanting, the factorial analysis showed that treatment effect was significant for J2s in the soil, root galling index and crop yield (P=0.00001) ( Table 4) . Differences between non-grafted and grafted tomato plants were found only for RGI (P=0.016). 
DISCUSSION
Grafting susceptible cultivars onto resistant rootstock is used successfully to control soil-borne pathogens in greenhouse in many countries (CORTADA et al., 2008; , including south Italy (SERGES & COLOMBO, 2005) .
In this trial, the rootstock cv. Armstrong, with intermediate resistance, reduced nematode population levels and root galling index one month after transplanting, but later no positive effect of grafting was observed. Non-grafted and grafted tomatoes exhibited similar performance in terms of plant vigor and crop yield. This result could be partially attributed to the resistance breaking because the Mi-1 gene is not effective at soils temperatures above 28°C (DROPKIN, 1969; KALOSHIAN et al., 1996) . In fact, the nematode densities on the resistant rootstock was low at low temperatures (June, 26.5±3.0) and increased with the rise of the temperature (July, 29.7±1.8; August, 30.8±1.6) (Fig. 1) . Moreover, the repeated plantings of resistant tomatoes that may have occurred in past years may have selected resistancebreaking specimens of the nematode (VERDEJO-LUCAS et al., 2009) . In this case, using a resistant cultivar instead of a rootstock or vice versa may not be helpful because the resistance to root-knot nematodes present in the commercial varieties of tomato is conferred by the same Mi-1 gene. The solution of this problem necessitates the incorporation of other resistance genes into cultivated tomato and the use in the rotation of resistant tomato with other crops for extending the durability of the effectiveness of the Mi-1 gene (KALOSHIAN et al., 1996) . In this trial the resistance breaking may have been due to the high temperatures in July and August and because resistant tomato cultivars may have been included in the rotation in the cropping history of the farm. So far, chemical control measures are still needed to limit yield losses in tomato. In our study, soils treatment with fosthiazate, abamectin and oxamyl increased tomato yield and reduced root galling caused by M. incognita. Similar control results were obtained by other authors (GARABEDIAN & VAN GUNDY, 1983; PULLEN & FORTNUM, 1999; GUGINO et al., 2006; SAAD et al., 2011; QIAO et al., 2012; D'ERRICO et al., 2017) . When these chemicals were used alone, their efficacy was lower than in combination. As suggested by OKA et al. (2012) , nematicides taken up by roots prevent nematode attacks only in the early growth stage of tomato and, therefore, their use is effective only to suppress root-knot nematodes in short season crop. However, when fosthiazate was applied before transplanting and followed by post-plant applications of abamectin or oxamyl, plants were protected from nematode infestation much longer than with the pre-plant application. In addition, crop plants may have also benefited of the effect of abamectin and oxamyl against insect pests (PUTTER et al., 1981) . The results of this study suggest that the synergistic effect of rootstock resistant to root-knot nematodes and soil 50 S. LANDI ET AL. REDIA, Vol. 101, 2018 
